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    Cancer is one of the serious public health problems in the world. In order to 
reduce the side effect of the traditional cancer therapies, such as chemotherapy and 
radiotherapy, researchers have been working on developing new cancer treatments 
and photothermal therapy (PTT) is one of them. Irradiated by a NIR laser, 
nanoparticles targeted in the tumor tissue can generate heat. When the temperature 
is above 42ȭ, the tumor regions will begin to become ablated. Compared with the 
traditional therapy, PTT could increase the specificity of the treatment and reduce 
the side effects. Iron oxide magnetic nanoparticles are widely used for PTT due to 
their stability and multimodal functionality.  
The stability and innate toxicity of PS coated and uncoated nanoparticles were 
evaluated and it was found that PS coating significantly increases the stability and 
reduces the innate toxicity. Furthermore, hyperthermic ablation of MDA-MB-231 due 
to the photothermal effect of PS coated nanoparticles was observed. This 
observation was made using a 785 nm NIR laser for irradiation. 
The tissue-depth is of a concern for clinical therapy because the body tissues 
can absorb NIR laser. An agar gel layer was used to mimic the body tissue. The 
transmittance of laser through agar gel layers of varying thickness were examined 
and the effect of the tissue depth on hyperthermic ablation was evaluated. The 
absorbance of NIR light increases as the agar gel depth increases and as a result 
viability decreases. However, the significant viability loss was still observed at 3cm 
agar gel layer, indicates that the thickness of agar gel layer has a limiting impact on 
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hyperthermia ablation of MDA-MB-231.  
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Chapter 1   Introduction 
Cancer is a serious disease problem all over the world. Breast cancer accounts 
for 14% of the newly cancer disease for both man and women, 14.5% of cancer 
related death is due to breast cancer for women in United States, 2014. 1 Compared 
with other cases, breast cancer is one of the major health problems, especially for 
women. The widely used treatment method for breast cancer cell includes 
mastectomy, chemotherapy, and radiation therapy.2  
Although there is a high risk of fatality, most women do not wish to remove 
large-scale breast tissue due to their concerns about the side effects. Due to the 
rapid proliferation of cancer cells, it is difficult to remove all the tumor tissues of the 
patients. Chemotherapy will damage the tumor tissues as well as the normal tissues 
during the treatment due to minimal specificity. The disadvantages of radiation 
therapy is that patients may suffer from other serious diseases after the treatment 
for months to years. Therefore researchers have been working on developing other 
cancer therapies for decades. Among the cancer treatments, hyperthermia therapy 
has drawn heavy attention over the years. It has been found in several studies that 
the division of cancer cell can be suppressed by raising the temperature to 42ȭ-50ȭ 
from the physiological temperature of 37ȭ. The temperature of 42ȭ has been 
found to be lethal for cancer cells, if temperature is maintained for 30 min to 1 
hour.3,4 Therefore, the method of raising temperature of tumor tissues is one of most 
important factors for hyperthermia therapy. Microwave5, ultrasound6, magnetic7, 8 
and photothermal effect have been utilized to generate localized heat at the tumor 
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tissues. It is well known that H2O is an important content of human body. Since H2O 
has high microwave absorption, the normal cells can be heated up during the 
microwave hyperthermia treatment, which may cause damage to the normal tissues. 
Another disadvantage of microwave hyperthermia is that the low penetration depth 
of microwave may reduce the effectiveness of this therapy. If the cancer cells grow 
inside the organs far away from the skin, it is difficult to use the microwave to 
generate the heat at the targeted tumor tissues. Ultrasound hyperthermia therapy 
has limited applications due to the fact that ultrasound is reflected between the 
borders of tissue and gas. Since many organs contain gas, such as liver, lung and 
digestive systems, ultrasound hyperthermia therapy is not a good choice for curing 
these cancers. Compared with traditional hyperthermia therapies, magnetic 
hyperthermia is one of the newly developed therapies. In this process, magnetic 
nanoparticles targeted to the tumor tissue generate localized heat due to the 
relaxation process under alternating magnetic field. 9 The widely used magnetic 
materials are iron oxide nanoparticles, due to their excellent magnetic and optical 
properties and biocompatibility. The advantages of magnetic hyperthermia includes 
short heating time and high specificity. However the main drawback of magnetic 
hyperthermia therapy is that this method is not suitable for the patients with 
metallic implants, as alternating magnetic field will produce eddy currents 
surrounding the region which is lethal for the normal tissue. Therefore researchers 
have been developing another hyperthermia therapy by so-called photothermal 
therapy (PTT). PTT attracts more attention in recent years because it can generate 
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the localized heat on the targeted tumor tissues and reduce the side effect on 
healthy tissues.10, 11 
Photothermal therapy employs the near-infrared (NIR) wavelength light to 
generate heat due to the absorption of light by nanoparticles and subsequent tissue 
ablation. 12 Therefore the two important factors that are involved in PTT is near 
–infrared transmittance and nanoparticle response. One of the concerns with using t 
NIR is the light absorption of normal tissues. Considering the different components 
of human body tissue may have different light absorption the wavelength of 
illuminated light for PTT should be in the range where normal tissue absorbs the 
minimum amount of light. Otherwise the temperature of normal tissues may 
increase during the cancer treatment due to the absorbance of light. It is found that 
from 650nm-1064nm, the light has maximum penetration depths13, so this range of 
wavelength is an ideal option for photothermal therapy and it is called the NIR 
window (Fig.1).  
  
 
 
 
 
 
Fig. 1 Absorption coefficient of H2O, Hemoglobin (Hb), Hemoglobin carrying oxygen 
(HbO2) versus different wavelength of light14 
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Another important factor for photothermal therapy is the nanoparticle type. 
Previous study shows that nanoparticles are ideal candidates for photothermal 
therapy due to enhanced permeability and retention effect (EPR effect) and 
photothermal effect.  
Since the tumor tissues require enough nutrients and oxygen for cancer cell 
proliferation, vascular permeability will be enhanced so that small molecules(less 
than 200nm) will intend to accumulate in tumor tissues. 15, 16, 17 This effect is known 
as the EPR effect. Nanoparticles with a hydrodynamic diameter from 5-200 nm may 
easily utilize the EPR effect; the nanoparticles can easily accumulate in the tumor 
tissues to ensure the local heating will ablate cancer cells rather than normal cells. 
Nanoparticles are currently used to localize and generating heat.18, 19 Usually the 
size of nanoparticles is below 200nm so that they can existence in the bloodstream 
for an extended time to let the nanoparticles fully interact with the cells. 
Superparamagnetic iron oxide nanoparticles have been widely used in bioresearch 
due to their biocompatibility.20-23 The mechanism of photothermal effect of iron 
oxide nanoparticle has been discovered recently.24 When the iron magnetic 
nanoparticles are irradiated by NIR laser, the electrons at the ground state absorb the 
photons and jump into the higher energy band. However if the photo energy of the 
laser is not sufficient for electrons to overcome the band gap (2.2eV) of iron oxide, 
the electrons would jump into the electron trap and then release the thermal energy 
instead of photo luminescent light. Then heat will be dissipated around the 
nanoparticles. 
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Due to the magnetic properties, the Fe3O4 nanoparticles can be used as 
magnetic resonance imaging (MRI) contrast agent for bioresearch.25 This is really 
important for photothermal therapy because after nanoparticles are injected into 
the human bodies, the distribution of the nanoparticles needs to be determined. By 
determining the distribution of the nanoparticles, doctors can set up appropriate 
schedules for applying NIR laser to generate the heat after they find that 
nanoparticles accumulate in tumor tissues at a sufficient concentration. 
One of the concerns with using magnetite nanoparticle is the toxicity of 
uncoated Fe3O4 nanoparticles. It is reported that uncoated nanoparticle induces 
significant decrease of the cellular viability of A-49 cells after 10μg/ml and at 
100μg/ml for H9c2 cells.26,27 However by coating with different polymer layers, the 
biocompatibility of the nanoparticles is enhanced and the functionalized groups can 
assist in establishing specific tumor targeting to increase the specificity of the 
photothermal therapy. 28 A previously examined successful surface modification is 
that of poly-acrylic acid (PAA) coated Fe3O4 nanoparticles.29 Another important 
benefits of surface functionalization is to increase the stability of the magnetite 
nanoparticles. As the dimension of nanoparticles decreases, Van der Waals attraction 
force between nanoparticles plays an important role. If this attraction force is greater 
than electrostatic repulsion between the nanoparticles, the nanoparticles have high 
potential to aggregate in the dispersant which will lead to the enhancement of 
nanoparticle size. As a result, it will not only change the physical and chemical 
properties of nanoparticles, but also limit the application of nanoparticles on 
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photothermal therapy. Since the small molecules (less than 200μm) would be intend 
to accumulate in tumor tissues, it would be difficult for the nanoparticles to be 
absorbed by the tumor tissues if the size increases far beyond 200μm .This will have 
impact on the photothermal therapeutic efficacy. When the two nanoparticles 
approach each other, the polymer layer would prevent the attraction of these 
nanoparticles due to the steric and electrostatic effects. Furthermore the polymer 
layer serves as a diffusion barrier to limit the growth of the initial nuclei during 
one-pot synthesis of nanoparticles which leads to a narrow size distribution of the 
nanoparticles.  
It is reported that by conjugating the surface functionalized groups on the PS 
coated Fe3O4 nanoparticles with therapeutic molecules, the multifunctional nano 
carrier system could be used for drug delivery, imaging and cell targeting.30,31 
However, the photothermal effect of PS coated Fe3O4 nanoparticles on hyperthermia 
ablation of cancer cell (in vitro) has not been fully studied yet. Therefore the 
photothermal effect of PS coated Fe3O4 nanoparticles was evaluated in this thesis. 
 Previous studies show that PTT could be used for eliminating tumor tissues in 
mice. Since the thickness of skin tissue of mice is very low, the laser could easily 
penetrate the skin and hit the nanoparticles to generate heat, resulting ablation of 
cancer cells.32 However the human body tissue depth is much more thicker than the 
mice tissue. Therefore the thickness of human body tissue may have an impact on 
the photothermal therapy due to the absorbance of light by the tissue. It has been 
reported that the agar-based gel could be used to mimic the body tissue for thermal 
                                            7 
 
response research.33, 34 So the agarose power was chosen to mimic the body tissue 
during hyperthermic ablation of cancer cells.  
    Furthermore, the stability of PS coated and uncoated nanoparticles was 
determined by measuring size and zeta potential. The innate toxicity of these two 
particles was compared to evaluate the effect the PS coating on biocompatibility of 
the magnetite nanoparticles. From this a therapeutic window for PS coated Fe3O4 
nanoparticles was determined. The relationship between simulated tissue depth and 
absorbance of light in the NIR window was examined and the effect of the agar gel 
depth on photothermal effect in-vitro was determined. 
 



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Chapter-2 Experimental Details 
2.1. Materials 
2.1.1 Preparation of Complete-DMEM media 
High glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (HyClone, Fisher 
Scientific) without sodium pyruvate was used for cell culture. Then 5ml of penicillin 
/streptomycin (HyClone, Fisher Scientific, catalog No.: SV30010), 50ml of fetal bovine 
serum (FBS) (Atlanta Biologicals), 5ml of L-glutamine (CellGro Mediatec Inc., catalog 
No.: 25-005-CI) and 5ml of Minimum Essential Medium (MEM) Non-Essential amino 
acids 100x concentration (CellGro Mediate Inc., catalog No.: 25-025-CI) were added 
to the 500ml DMEM to prepare the complete-DMEM media. 
2.1.2 Preparation of HBSS buffer 
The following components were added to 20ml of the sterilized de-ionized 
water to prepare Hank’s Balanced Salt Solution(HBSS): 0.4g NaCl, 0.4g KCl, 0.14g 
CaCl2, 0.1g MgSO4•7H2O, 0.1g MgCl2•6H2O, 0.06g of Na2HPO4•2H2O, 0.06g KH2PO4, 
1.0g glucose and 0..35g NaHCO3. Then 1ml of the previous solution was transferred 
to 50ml de-ionized water to prepare 50ml HBSS buffer. Next the pH of the solution 
was adjusted to 7.4 and used for hyperthermia experiment. 
2.1.3 Preparation of agar gel layer 
Agarose (Type I, low EEO, SIGMA-ALDRICH) was used for making the agar gel 
layer. 1.5g agarose was added to 100 ml of the distilled water. Then the solution was 
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heated up in a microwave oven in 2 minutes 30 seconds. After that the agar gel was 
injected to five small vials to make a series of different depths of agar gel layer. 
2.2 Synthesis of iron magnetic nanoparticles 
2.2.1 Synthesis of Uncoated Fe3O4 nanoparticles 
2.00 g (0.01 mol) FeCl2•4H2O and 5.5 g(0.02 mol) FeCl3•6H2O were dissolved in 
50 ml distilled H2O at 80ć in a Nitrogen environment for 20-30 minutes. Then 5ml 
NaOH (1.5mol/L) was slowly injected to the mixture and stirred at 90ć for 30 
minutes. Ideally, mixture will stir at 80ć  for another 3 hours in a Nitrogen 
environment. After the color of the solution turned to dark black, the solution was 
transferred to a 50 ml conical vial. A strong magnetic was used for purifying the 
uncoated Fe3O4 nanoparticles. Due to the magnetic of nanoparticles, they would 
accumulate in one side of the conical vial with the magnetic attached. Then the 
solution was dumped and another 50 ml of de-ionized water was added to the vial. 
After several times purification process, the uncoated nanoparticles was prepared for 
experiment. 
2.2.2 Synthesis of PS coated Fe3O4 nanoparticles 
Hong Xu et al. developed a novel method to obtain monodispersed, PS coated 
Fe3O4 nanoparticles by using modified emulsion/miniemulstion polymerization.35 
First magnetite nanoparticles with an average particle size about 10 nm were 
synthesized and dispersed in situ in octane as a ferrofluid. Then the ferrofluid was 
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added to the aqueous solution with sodium dodecyl sulfate (SDS) to obtain 
miniemulstion A after ultrasonication. Meanwhile miniemulstion (B) was prepared 
from styrene monomer. Next miniemulstion A and B were mixture at 80ć for 20 
hours in order to get Fe3O4/PS nanospheres, potassium peroxodisulfate (KPS) was 
used as an initiator for synthesizing polystyrene. 
2.3 Particle size and zeta potential measurement 
The hydrodynamic diameter and zeta potential of synthesized nanoparticles 
were measured by Zetasizer Nano ZS (Malvern Instruments, Ltd). When light hits 
small particles, the light scatters with varying intensity in time due to Brownian 
motion. Thus the hydrodynamic size of the nanoparticles can be derived from the 
autocorrelation of the intensity fluctuation. This leads to calculation of the 
hydrodynamic size of the particles. The zeta potential is the electric potential at the 
slipping plane of a nanoparticle compared with the electric potential in the fluid. 
Usually a large zeta potential, either negative or positive, indicates the system is 
stable because of the high electrostatic repulsion between the nanoparticles. 
The zeta potential and hydrodynamic diameter of PS coated Fe3O4 nanoparticles 
and uncoated Fe3O4 nanoparticles dispersed in HBSS and complete DMEM were 
determined in this experiment. 
Uncoated and PS coated Fe3O4 nanoparticles were dispersed in complete DMEM 
with a concentration of 0.3mg/ml. The hydrodynamic diameter was monitored over 
48 hours at 0, 24 and 48 hours to learn about the effect of aggregation of 
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nanoparticles on the innate toxicity experiment.  
In order to examine the stability of uncoated and PS coated Fe3O4 nanoparticles 
during the photothermal experiment, uncoated and PS coated Fe3O4 nanoparticles 
were dispersed in HBSS with a concentration of 0.3mg/ml. The hydrodynamic size 
was monitored over 3 hours at 0, 1, 2 and 3 hour.  
Before measurements, all samples were sonicated for 30 minutes. The 
temperature was set to 37ȭ  to mimic the in-vivo environment and the 
measurement cell was ZEN0112-low volume disposable sizing cuvette. Three trials 
were performed for each measurement and each trial included several 
measurements automatically generated by the Zetasizer.  
The effect of sonication on PS coated Fe3O4 nanoparticles was also examined. 
The dispersants were chosen as HBSS and complete-DMEM and the concentration 
was 0.3mg/ml. The hydrodynamic size was measured before sonication and after 30 
minutes of sonication. The settings of the measurement were the same as described 
for the previous measurements.  
For zeta potential measurement, uncoated and PS coated Fe3O4 nanoparticles 
were dispersed in complete-DMEM and HBSS at concentrations of 0.3mg/ml and 
0.1mg/ml, respectively. 
Before measurements, all samples were under sonication of 30 minutes. The 
measurement cell was DTS1060-green disposable zeta cell and the temperature was 
set to 37ć to mimic the in-vivo environment. Three trials were performed for each 
measurement and each trials includes several measurements automatically recorded 
                                            12 
 
by the Zetasizer.  
2.4 Innate toxicity measurement 
2.4.1 Cultivation of MDA-MB-231 tissue samples 
   MDA-MB-231 human mammary gland adenocarcinoma cells were obtained from 
the American Type Culture Collection and routinely maintained in a humidified 5% (v/v) CO2 
atmosphere at 37 °C in T75CN vent cap tissue culture flasks (Sarstedt). The cells were 
fed on Monday, Wednesday and Friday with cells split once a week or three days 
before completion of innate toxicity measurements. 
   Before taking the flasks from the incubator, the ultraviolet light of the cell culture 
hood was turned on for 30 minutes and a flask of complete-DMEM warmed to 37ć. 
A 70% ethanol solution was used to sterilize the hood. 12 ml of fresh complete 
DMEM replaced used culture medium during feeding. 
   The procedure for splitting the cells was similar to feeding. 3ml of trypsin-EDTA 1x 
concentration(HyClone, Fisher Scientific) and a flask of complete-DMEM was put in 
water bath to heat up to 37ć. After the used medium was transferred from the 
tissue culture flask to the disposal basket, 3ml of trypsin-EDTA 1x concentration was 
added to the flask. After about 1-2 minutes, the cell were detached from the flask 
bottom and the trypsin was removed from the flask. Then 12ml fresh 
complete-DMEM medium was added to the flask and 1ml of the solution was 
transferred to another empty tissue culture flask. Finally, 11ml fresh 
complete-DMEM medium was added to the second flask and the split ratio was 1:12.  
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2.4.2 Innate cytotoxicity for Fe3O4 nanoparticle 
 After the cells split, each well was seeded with 100μl of diluted cells with a split 
ratio of 1:10 to give around 3000 cells per well. 0.001, 0.005, 0.01, 0.025, 0.05, 0.1, 
0.2, 0.5, 1, 2.5 and 7.5mg/ml were chosen as the concentrations for cytotoxicity 
experiments. The dispersant for Fe3O4 nanoparticle is complete-DMEM. Corning 96 
well white plates were used for the cytotoxicity experiment. 
It took 24 hours for the cells to adhere to the bottom so that after 24 hours the 
used complete-DMEM would be removed from the plate. For the control group, 
100μl of fresh complete-DMEM was added to the wells to give equal seeding density 
as the test wells. 100μl of different concentration of nanoparticles were added to the 
other wells. 48 hours were used to allow for the cells to respond to the Fe3O4 
nanoparticles. Finally, all the solutions would be replaced by 100μl fresh 
complete-DMEM prior to the cellular viability measurement. 
The CellTiter-Glo® luminescent cell viability assay reagent was used for cellular 
viability measurements. It was prepared by combining the CellTiter-Glo® buffer with 
the CellTiter-Glo® substrate. They were taken out from the freezer and maintained at 
room temperature until complete thawing before these two agents were mixture 
together. Then 100μl of the CellTiter-Glo® luminescent cell viability assay reagent 
was added to each well. After that the cellular viability of the cancer cells was 
examined by the CellTiter-Glo® Luminescent Cell Viability Assay. 
By analyzing the result, the concentrations of Fe3O4 nanoparticle do not elicit 
significant impact on the cellular viability were chosen for the photothermal ablation 
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experiment. 
The luminescent output for each well was recorded by the luminometer 
(Polarstar Optima, BMG Labtechnologies.Inc) and the averaged data was used for 
calculating the cellular viability (eqn.1) and the standard deviation for each 
concentration Fe3O4 nanoparticles. (eqn.2) 
                   ሺΨሻ ൌ ஼௢௡௧௥௢௟்௘௦௧௘ௗௐ௘௟௟ ൈ ͳͲͲΨ          (1) 
In eqn.1, control and tested well is the luminescent output data. 
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In eqn.2, c and t are the luminescent output data for control set and tested well, 
ɐୡ and ɐ୲ is the standard deviation of viability of control and test wells for each 
concentration. 
The cellular viability results were evaluated by using the non-linear regression 
dose-response log (inhibitor) vs response curve. (eqn.3) 
 
                  ൌ  ൅ ்௢௣ି஻௢௧௧௢௠ଵାଵ଴ሺಽ೚೒಺಴ఱబష೉ሻכಹ೔೗೗ೞ೗೚೛೐          (3) 
In eqn.3, Top is the Y value at the top plateau and bottom is the Y value at the 
bottom plateau, logIC50 is the half maximal inhibitory concentration. 
    GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA) was used for analyzing 
the data. A one-way AVONA test was performed for both dose response curves to 
determine if there was any significant difference between those concentrations. If a 
significant difference was observed, then an unpaired t-test was performed to find 
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out at which specific concentrations the significant differences existed. The 
significant level was p=0.05. Furthermore an unpaired t-test was performed to 
compare the significant differences between the same concentrations for PS coated 
and uncoated nanoparticles. An F-test was performed to find out if there was 
significant differences between the innate toxicity curve for PS coated and uncoated 
nanoparticles. 
2.4.3 Innate cytotoxicity for 3 Hours in HBSS  
The innate cytotoxicity experiment for 3 hours in HBSS media was performed to 
determine the effect of Fe3O4 nanoparticles on the cellular viability during the 
photothermal experiment. The procedure is similar to section 2.4.2 and the 
difference is that the dispersant for nanoparticles was HBSS. 100μl of different 
concentrations of nanoparticles were added to each well and after 3 hours all the 
wells were replaced by 100μl fresh completed-DMEM. Then the cellular viability of 
the cancer cells were measured after 48 hours. 
2.5 Laser system for hyperthermia ablation 
2.5.1 Set up the laser system 
A hotplate (Fisher Scientific) was used for maintaining the temperature of each 
cell culture well to be 37ȭ at the beginning of the photothermal experiment. An 
infrared camera (FLIR, T-460) was used to record the temperature of each well during 
the experiment as well as to avoid contact contamination with the cells. A 785nm 
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laser power was used for providing the near infrared light source. A lens was used 
converge the laser so that the spot size is similar to well size. A piece of white paper 
was put on the top of the hotplate which was used for reducing the effect of mirror 
like surface of the hotplate. Agar gel was made with series of depths contained in 
different vials (as mentioned in 2.1.3). During the experiment, the vial was placed 
above the 48 well plate so that it could mimic the body tissue with different depths.  
 
 
 
 
Fig.2 Schematic of laser system 
2.5.2 Determination of the relationship between the output ampere and 
output power of laser system 
     A 5W optical fiber coupled 785nm laser system was used as a near infrared 
light source. Since the display panel only shows the amperage the relationship 
between the laser amperage and power output was determined for calculation of 
optical density. A power meter (Coherent Inc.) was used to record the optical power 
of the laser system.  
2.5.3 Determination of the stability of the hot plate 
In order to determine the stability of the hot plate to make sure the 
temperature of each well was 37±1°C when the laser was activated, 150μl of HBSS 
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media was seeded into individual well and then the 48 well plate was put above the 
hot plate for 3 hours. The temperature of the well was recorded every 20 minutes.  
2.5.4 Determination of the Viability loss due to the environment and 
transportation 
     Since 48 well plates were transported from pharmacy department to the 
physics lab, the viability loss during the transportation must be considered. Three 48 
white well plates were used to determine the viability loss during the experiment. 
They were all seeded at the same time. One was kept in the incubator of College of 
Pharmacy incubator as a control group. The second was kept in the incubator of the 
physic lab and the third one was placed in the hotplate with the temperature 
maintained at 37±1°C for 3 hours. Then the viability of the cells was measured after 
24 hours. 
2.5.5 Determination of impact of HBSS during photothermal experiment 
A 48 well plate was used for investigating effect of HBSS on the cell viability 
loss during photothermal experiment. After the tissue samples split, each well was 
seeded of a 150μl of tissue samples with completely-DMEM. The next day after 
seeding, the 48 well plate was transported to the physic lab from the College of 
Pharmacy. Used complete-DMEM media were replaced by 150μl of HBSS for culture 
wells. For control group, g the wells were not irradiated by laser and other wells were 
under the 785nm laser exposure for 15 minutes.  
After that the 48 well plate was transported back to pharmacy department. In 
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order to reduce the contamination to the plate in the physics lab, the used HBSS 
from each culture well was then replaced by 0.2ml fresh complete-DMEM media. 
After 48 hours, the cellular viability was measured. (procedure described in 2.4.2) 
The equation of intensity is given as following equation: 
WIntensity
l d
 u                              (4) 
 In eqn.4 W is the intensity, l is the length of laser spot size and d is the width of the 
laser size  
2.6 Quantification the effect of depth of the mimic body tissue on the 
hyperthermic ablation of MDA-MB-213 
2.6.1 Determination of the concentration of PS coated Fe3O4 nanoparticles 
for hyperthermic ablation experiment 
A 48 well plate was used for hyperthermic ablation. Based on the innate toxicity 
experiment results, concentrations below 0.5mg/ml was an ideal therapeutic 
concentration for hyperthermic ablation experiments, so 0.05mg/ml, 0.1mg/ml 
and0.2mg/ml of PS coated Fe3O4 nanoparticles were used. 
First of all, 150μl of different concentrations of PS coated Fe3O4 nanoparticles 
were added into individual wells and the hotplate was turned on. After the 
temperature reached to 37±1°C for 3 minutes, the measurement began. The 
temperatures were taken every minute for 15 minutes to get the heating curve. Then 
the laser was removed and the temperature was taken every minute for the next 9 
minutes to measure the cooling decay curve.  
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The following equations were applied to fit the heating curves and cooling 
curves of PS coated Fe3O4 nanoparticles: 
One phase association heating curve: 
              ൌ ଴ܻ ൅ ሺ݈ܲܽݐ݁ܽݑ െ ଴ܻሻ כ ሺͳ െ ሺെܭ כ ݔሻሻ       (5)          
In eqn.5, Y0 is the value of Y when X equals zero, Plateau is the value of Y at 
infinite time, and K is the rate constant 
One phase decay curve:
 ൌ ሺ ଴ܻ െ ݈ܲܽݐ݁ܽݑሻ כ ሺെܭ כ ݔሻ ൅ ݈ܲܽݐ݁ܽݑሺ͸ሻ               
In eqn.6, Y0 is the value of Y when X equals zero, Plateau is the value of Y at 
infinite time, and K is the rate constant 
2.6.2 Determination the effect of agar gel layer depths on the absorbance of 
laser  
An agar gel layer was used to mimic the body tissue. The depths used in this 
experiment ranged from 1cm to 5cm. The empty vial was used as a control. The 
wavelength of the laser was 785 nm which falls in the NIR range. The power was 
1.2W and was the same power used during previous photothermal experiments. A 
power meter (Coherent Inc.) was put under the vial to measure the transmitted laser 
power after laser source penetrated the agar gel layer.  
At the beginning of the experiment, an empty vial was put between the laser 
source and power meter. Then the laser system activated until the optical power was 
stable. This power was recorded as the initial power for calculation of transmittance. 
Then different depths of agar gel layers were put between the laser source and 
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power meter. Transmittance is calculated by the following equation: 
  ൌ ூబூ ൈ ͳͲͲΨ                   (7) 
In eqn.7, I0 is the power transmitted by the material and I is the power received 
by the material (in this case the initial power from an empty vial is used to only 
examine the effect of the agar gel). 
2.6.3 Determination of the effect of depth of the mimic body tissue on the 
hyperthermic ablation of MDA-MB-213 
After the cell samples were split, each well was seeded with 150μl of MDA-MB-231 
in completely-DMEM using a cell concentration of 30,000 cells per milliliter. In order 
to reduce the effect of the heat diffusion during the photo thermal experiment, one 
well was seeded with cells and the eight wells surrounding this well were left blank.  
The next day after seeding, the 48 well plates were transported to the physic lab 
from the College of Pharmacy. For the control well, the complete-DMEM was 
replaced with HBSS and for the other test wells, the complete-DMEM was replaced 
with 150μl PS coated Fe3O4 nanoparticles (0.3mg/ml). Then the agar gel layer was 
put between the well and laser source to mimic the body tissue. 
The laser source was adjusted so that the laser spot diameter after 
transmittance through the agar layer matched the well diameter. Each well was 
irradiated for 15 minutes and after that the PS Fe3O4 nanoparticles were immediately 
replaced by 200μl of complete-DMEM media maintained at 37 °C. After 48 hours, the 
cellular viability was measured (procedure described in 2.4.2) 
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                    Chapter 3 Results and Discussion 
3.1 Hydrodynamic size and zeta potential measurement results 
The hydrodynamic size and PDI (polydispersity index) were determined for 
each trial. Standard deviation was then calculated from PDI. The overall standard 
deviation and hydrodynamic size were then calculated. Table 1, 2 and 3 is the 
hydrodynamic size distribution of PS coated and uncoated Fe3O4 nanoparticles 
dispersed in complete-DMEM and HBSS. 
PS coated Fe3O4 nanoparticles were quite stable compared with uncoated Fe3O4 
nanoparticles after incubation in complete-DMEM for 48 hours as shown in table 1. 
After 48 hours of incubation, the size of PS coated Fe3O4 nanoparticles was around 
300 nm while the size of uncoated Fe3O4 nanoparticles increased to 800 nm. 
Uncoated Fe3O4 nanoparticles had a significant tendency to aggregate in HBSS 
media compared to PS coated Fe3O4 nanoparticles, shown in table 2. 
The hydrodynamic size and standard deviation of PS coated Fe3O4 nanoparticles 
dispersed in HBSS and complete-DMEM decreased after sonication which indicates at 
least some aggregation prior to sonication, shown table 3. Fig.3 and Fig.4 show the 
size distribution of PS coated and uncoated Fe3O4 nanoparticles in complete-DMEM. 
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Table.1 Hydrodynamic size distribution of PS coated and uncoated Fe3O4 nanoparticles 
dispersed in complete-DMEM at 0, 24 and 48 hours 
Table.2 Hydrodynamic size distribution of PS coated and uncoated Fe3O4 nanoparticles 
dispersed in HBSS at 0, 15min, 30 mind 1 hour 
Table.3 Hydrodynamic size distribution of PS coated nanoparticles dispersed in HBSS and 
complete-DMEM undergoing sonication 
 
Complete-DMEM 
(0.3mg-ml) 
PS (nm) Stdev (nm) Uncoated (nm) Stdev (nm) 
T=0 298.9 4.7 438.8 10.1 
T=24h 349.4 22.4 487.2 11.5 
T=48h 359.0 24.1 836.3 20.4 
HBSS (0.3mg-ml) PS (nm) PS (stdev) Uncoated (nm) 
T=0 230.1 8.1 1000+ 
T=1h 271.9 17.7 1000+ 
T=2h 298.7 23.3 1000+ 
T=3h 311.8 26.8 1000+ 
  
0.3mg/ml in 
HBSS(nm) 
Stdev 
(nm) 
0.3mg/ml in 
complete-DMEM(nm) 
Stdev 
(nm) 
before 
sonication 
311.2 11.1 483.5 17.8 
after 
sonication 
230.1 8.1 266.9 5.6 
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Fig.3 Size distribution of PS coated Fe3O4 nanoparticles, complete-DMEM, 0.3 mg/ml, 0 h  
 
Fig.4 Size distribution of uncoated Fe3O4 nanoparticles, complete-DMEM, 0.3 mg/ml, 0 h 
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    The zeta potential and standard deviation were experimentally determined for 
each trial. Overall standard deviation and zeta potential were calculated from 
multiple trials. Table 4 and 5 shows the zeta potential of PS coated and uncoated 
Fe3O4 nanoparticles dispersed in complete-DMEM and HBSS media. 
The PS coating is observed to increase the stability of the Fe3O4 nanoparticle by 
comparing the zeta potential of uncoated Fe3O4 nanoparticles and PS coated Fe3O4 
nanoparticles dispersed in HBSS media. Uncoated Fe3O4 nanoparticles have a much 
lower zeta potential (<30) which indicates that the uncoated nanoparticles tend to 
aggregate in HBSS media. 
Table.4 Zeta potential of PS coated Fe3O4 nanoparticles and uncoated Fe3O4 nanoparticles 
dispersed in complete-DMEM, concentration is 0.1mg/ml and 0.3mg/ml 
Complete 
-DMEM 
0.1mg/ml PS (mV) Stdev (mV) 0.1mg/ml Uncoated (mV) Stdev (mV) 
-9.16 0.98 -8.92 0.88 
0.3mg/ml PS (mV) Stdev (mV) 0.3mg/ml Uncoated (mV) Stdev (mV) 
-9.42 0.86 -10.05 1.14 
 
Table.5 Zeta potential of PS coated Fe3O4 nanoparticle and uncoated Fe3O4 nanoparticles 
dispersed in HBSS, concentration is 0.1mg/ml and 0.3mg/ml 
HBSS 
0.1mg/ml PS (mV) Stdev (mV) 0.1mg/ml Uncoated (mV) Stdev (mV) 
-31.43 10.97 -11.36 5.89 
0.3mg/ml PS (mV) Stdev (mV) 0.3mg/ml Uncoated (mV) Stdev (mV) 
-34.23 11.35 -17.53 6.03 
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3.2 Innate toxicity experiment for PS coated and uncoated nanoparticles 
Fig. 5 and Fig. 6 show the innate toxicity curve of PS coated Fe3O4 nanoparticles 
and uncoated Fe3O4 nanoparticles. Fig. 7 and Fig. 8 shows the comparison of these 
two toxicity curves. Fig. 9 is the toxicity of PS coated Fe3O4 nanoparticles dispersed in 
HBSS media for 3 hours. For uncoated Fe3O4 nanoparticles, significant impact on 
viability was found when the concentration increased to 0.05mg/ml. The median 
lethal dose for uncoated nanoparticles was calculated to be 0.821mg/ml with 
R2=0.9164. 
Compared with uncoated Fe3O4 nanoparticles, PS coated Fe3O4 nanoparticles 
reduced the innate toxicity. The significant viability was found when the 
concentration increased to 0.5mg/ml. The median lethal dose for PS coated 
nanoparticles was 1.625mg/ml with R2=0.941. It was thus determined that the 
concentrations below 0.5mg/ml for PS coated Fe3O4 nanoparticles were suitable for 
hyperthermic studies. A significant difference between the innate toxicity curve for 
PS coated and uncoated Fe3O4 nanoparticles was observed by performing an F-test, 
as p<0.05. 
    There was no significant differences of the cell viability after 3 hours incubation 
of PS coated Fe3O4 nanoparticles dispersed in HBSS media compared to uncoated,  
p=0.0674 
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Fig.5 Dose response curve for PS coated Fe3O4 nanoparticles after 48 hours incubation   
*p<0.0001 
 
Fig.6 Dose response curve for Uncoated Fe3O4 nanoparticles after 48 hours incubation 
*p<0.0001 

*
*
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Fig.7 Comparison of dose response curve for PS and uncoated Fe3O4 nanoparticles after 48 
hours incubation 
**p<0.05   *p<0.0001 
 
Fig.8 Comparison of innate toxicity curve for PS and uncoated Fe3O4 nanoparticles after 48 
hours incubation 
F=5.145   p <0.05 
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Fig. 9 Toxicity of PS coated Fe3O4 nanoparticles in HBSS media for 3 hours, p>0.05 
3.3 Evaluation of the effect of different factors on photothermal experiment  
Fig. 10 is the optical power vs amperage for 785nm laser. Fig.11 is the 
temperature profile of HBSS heating on hot plate for 3 hours. Fig.12 is the effect of 
HBSS on cancer cell viability for hyperthermia experiment and Fig. 13 is the effect of 
the environment and transportation on the hyperthermia experiment. Fig.14-Fig.17 
are the temperature profiles of PS coated Fe3O4 nanoparticles (0.05mg/ml, 0.1mg/ml, 
0.2mg/ml) irradiated by 785nm laser for 15 minutes. Since the temperature of HBSS 
was quite stable, the hotplate could be used to maintain a base temperature of 37ć 
during measurements shown in Fig. 11. 
There was no significant difference between the viability of the cells irradiated 
by 785 nm laser for 15 minutes compared to no irradiation while using HBSS, shown 
in Fig.12. Therefore it is believed that the HBSS had almost no impact on the cell 
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viability during the 3 hours. Comparing the viability of the cells kept in physics lab 
incubator and the hot plate, there was no significant difference. This indicates that 
the desiccator at least did not significantly impact the viability of the cells compared 
with cells maintained in a culturing environment, shown in Fig.13.  
 For concentrations below 0.05mg/ml, the maximum temperature was below 
42ȭ, while for 0.1mg/ml concentration the maximum temperature was above 42ȭ 
with a laser intensity of 13.1kW/m2. Therefore 0.1mg/ml was the minimum required 
concentration of PS coated Fe3O4 nanoparticles to generate sufficient heat to killing 
cancer cell at this optical density and NIR wavelength. 
 
 
 
 
 
 
 
 
Fig. 10 Output power vs output ampere for 785nm laser 
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Fig. 11 HBSS heating on hot plate for 3 hours 
 
Fig.12 Effect of HBSS on cancer cell viability for hyperthermia experiment, p=0.773 
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Fig. 13 Effect of the environment and transportation on the hyperthermia experiment, 
p>0.05 
 
Fig. 14 Temperature profile of PS coated nanoparticles, 13.1kW/m2, 785 nm laser 
                                            32 
 
 
Fig. 15 Temperature profile of 0.05mg/ml PS coated nanoparticles, 13.1kW/m2, 785 nm laser 
Fig. 16 Temperature profile of 0.1mg/ml PS coated nanoparticles, 13.1kW/m2, 785 nm 
laser 
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Fig. 17 Temperature profile of 0.2mg/ml PS coated nanoparticles, 13.1kW/m2, 785 
nm laser 
3.4 Quantification the effect of depth of the mimic body tissue on the 
hyperthermic ablation of MDA-MB-213 
Fig. 18 is the transmittacne of light in agar gel layer with various depths. As the 
thickness of the agar gel layer increased, the transmittance decreased. When the 
depth increased to 5cm, the transmittance was around 35%. 
Fig. 19 shows the heating profile of PS coated nanoparticles varying with 
different agar gel depths (1cm, 2cm 3cm) irradiated by 785nm laser. Figure 20 shows 
the viability of cancer cells irradiated by a 785nm laser after 15 minutes with various 
agar gel layer depths while using PS coated Fe3O4 nanoparticles for hyperthermic 
ablation. 
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A significant viability loss was found between 1cm, 2cm, 3cm and the control 
group, p<0.001, which indicated the photothermal effect of PS coated Fe3O4 
nanoparticles could be used for MDA-MB-231 hyperthermic ablation below the 
direct surface of the skin.  
Fig.18 Transmittance of NIR laser in agar gel layer various with depths 
Fig.19 Temperature profile of PS coated nanoparticles various with agar gel depth 
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Fig. 20 Hyperthermic ablation of cancer cell irradiated by 785nm laser after 15 minutes 
*P<0.001 
3.5 Stability of PS coated Fe3O4 nanoparticles 
The zeta potentials for both Fe3O4 nanoparticles were similar in 
complete-DMEM media, however a significant increase in the size of uncoated Fe3O4 
nanoparticles was found after incubation of 48 hours. However for PS coated 
nanoparticles, the hydrodynamic size is quite stable during 48 hours. One possible 
reason is that the serum protein in complete-DMEM effects the accuracy of the zeta 
potential measurement. Due to the size of the protein is just a few nanometers, the 
nanoparticles may be surrounded by the proteins. Since the zeta potential is the 
difference of the electrical potential between the stern layer and the base media, 
the machine may consider the protein as the composition of nanoparticles and 
therefore the result is actually the potential difference between the surface of 
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protein and the media. So only by measuring the zeta potential of these Fe3O4 
nanoparticles in complete-DMEM media is not sufficient for evaluating whether the 
nanoparticles tend to aggregate or not. However, by comparing the size of these 
nanoparticles dispersed in complete-DMEM, it is found that uncoated nanoparticles 
aggregate due to the increase of the size. Therefore the PS coated Fe3O4 
nanoparticles is more stable than uncoated nanoparticles in complete-DMEM by 
considering the time dependent size distribution.  
The absolute value of zeta potential of uncoated Fe3O4 nanoparticles in HBSS 
was below 30mV which indicates the nanoparticles tend to aggregate. PS coated 
Fe3O4 nanoparticles had a zeta potential above +30mV in HBSS which shows that the 
nanoparticles have minimal tendency to aggregate in HBSS. The size measurement 
results correspond to the zeta potential results through the observation of significant 
increase in size of the uncoated Fe3O4 nanoparticles while the size of PS coated Fe3O4 
nanoparticles is stable in HBSS after 3 hours. The reason is probably due to charge 
repulsion of the polystyrene spheres preventing flocculation. Due to the Van der 
Waals attraction force between the styrene functional groups and solubilized ions, 
an electronic field is observed at the Stern layer which is significant enough to 
prevent aggregation and flocculation. This is evident through the PS coated Fe3O4 
zeta potential in HBSS. 
      Furthermore the EPR effect could be utilized for PS coated nanoparticles for 
PTT with slight modification to particle size since the size of the nanoparticles were 
slightly higher than 200 nm either in HBSS or complete-DMEM media. 
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    In summary, by comparing the hydrodynamic size and zeta potential of PS 
coated Fe3O4 nanoparticles and uncoated nanoparticles, we can draw the conclusion 
that a PS coating increases the stability of the nanoparticles and makes it a good 
candidate for hyperthermia experiments. 
3.6 Comparing the toxicity of PS coated nanoparticle and uncoated 
nanoparticle 
   The innate toxicity was determined by examining the viability loss human 
mammary gland adenocarcinoma (MDA-MB-231) as the concentration of 
Fe3O4nanoparticles was varied from 1μg/ml-7.5mg/ml. It was observed that at both 
the lower concentration range (<0.1mg/ml) and the higher concentration range 
(>2.5mg/ml), there was no significant difference in viability loss for these two 
nanoparticles. In this lower dose range of < 0.1 mg/ml the heat generation of the 
nanoparticles by application of the 785 nm laser was not sufficient to induce 
significant cell death for time period of laser application. On the other hand, at the 
higher concentration range, the amount of heat may be enough to eliminate the 
tumor tissues but significant in-vitro innate toxicity is observed. Therefore the 
concentrations between 0.05mg/ml and 2.5mg/ml were appropriate for further 
hyperthermia study. An F-test was performed to determine if there was any 
significant difference between the innate toxicity curves of these nanoparticles. A 
p-value of p=0.026 was used to indicate a significant innate toxicity curve shift 
between PS coated and uncoated Fe3O4 nanoparticles  
For uncoated Fe3O4 nanoparticles, the onset of significant viability loss was 
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found when the concentration increased to 0.05mg/ml with p<0.0001, while PS 
coated Fe3O4 nanoparticles induced a significant toxicity at 0.5mg/ml for 
MDA-MB-231 cell cultures with p<0.001. The median lethal dose (LD50) for uncoated 
nanoparticles was 0.821mg/ml with R2=0.9164. For PS coated nanoparticles the LD50 
was 1.625mg/ml with R2=0.941. This indicates that the PS coating significantly 
increased the therapeutic window for Fe3O4 nanoparticles when comparing against 
uncoated Fe3O4 
Since the PS coated nanoparticles were used for hyperthermia experiments, the 
toxicity of PS coated nanoparticles needs to be examined in order to ensure the PS 
coated nanoparticles have little innate impact on the cell viability during the 3 hour 
photothermal experiment. The viability measurement indicates that there is no 
significant difference after 3 hours incubation of PS coated Fe3O4 nanoparticles 
dispersed in HBSS, p>0.05. So that the appropriate concentration of PS coated 
nanoparticles for hyperthermia experiment is below 0.5mg/ml. 
In conclusion the innate toxicity measurement reveals that the PS coating 
significantly modify the biocompatibility property of the iron oxide nanoparticles 
which makes it possible candidate for hyperthermia study. 
3.7 Photothermal effect of PS coated Fe3O4 nanoparticles via near-infrared 
laser and penetration depth of mimic body tissue  
   Since the complete-DMEM used a sodium bicarbonate buffer system, it requires a 
quite stable level of CO2 to maintain the pH at the required level (7.2~7.4) for cell 
culturing. Considering the experiment system, it is difficult maintain CO2 at around 5% 
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during the hyperthermia experiment. However, the HBSS buffer is not the sole buffer 
compared with DMEM media, it also contains other buffer system. Therefore the 
HBSS was used for the hyperthermia study as the buffer system of HBSS is ont only 
dependent of CO2 levels.  
  A reduction of the absorption coefficient for uncoated Fe3O4 nanoparticles 
compared with PS coated Fe3O4 nanoparticles were observed in the NIR range. This 
may lead to the reduction of photothermal efficiency for uncoated nanoparticles as 
the primary mechanism of the photothermal effect is mediated by absorption, Fig,23. 
Irradiated by a 785 nm laser for 15 minutes, the temperature of HBSS arose from 36ȭ 
to 38ȭ, however after the PS coated Fe3O4 nanoparticles were added into the media, 
the maximum temperature increased to 43ȭ (0.2mg/ml) while keeping the 
irradiation time stable. Although the media generated the heat during the 
photothermal experiment, the main contribution of heat generation is due to the 
photothermal effect of iron magnetic nanoparticles. Compared with three 
temperature profiles for different concentrations of nanoparticles, as the 
concentration increased to 0.1mg/ml, the maximum temperature was 42ȭ, which 
was the minimum requirement temperature for hyperthermia therapy2. So the 
concentration above 0.1mg/ml could be used for hyperthermia ablation of cancer 
cells. 
As the thickness of agar gel layer increased from 1cm to 5cm, the transmittance 
of the 785 nm laser decreased from 90% to 35% which indicates that the agar gel 
layer has a high absorptivity in the NIR region. If the tumor tissues are found a few 
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centimeters from the surface of the body, a substantial increase in laser power would 
be required to achieve an equal heating profile compared to heating near the skin 
surface. However the high power laser may damage tissues. Therefore the 
relationship between the viability of surface tissues and the NIR laser with variable 
power needs to be examined for future studies. High reduction in power 
transmittance for agar gel was observed through 1-3 cm. Furthermore considering 
the type of cancer cell used in this experiment was breast cancer, 1-3 cm agar gel 
layer was chosen for hyperthermia. Moreover the agar gel layer is just a simple 
model to mimic the body tissue without adding other compositions, for example the 
blood serum, the absorbance of the light will most likely increase for body tissue 
over agar gel. Therefore the impact of the human body tissue depth on the 
photothermal therapy is of a concern for clinical therapy as extensive modeling 
ex-situ presents a challenge. 
1cm, 2cm and 3cm agar gel layers were used during hyperthermia ablation 
experiments to attenuate the NIR laser power. The time constant for the heating 
curve is an indication of heat generation per unit time. By analyzing the heating 
curves for different thicknesses of agar gel layers, the time constant decreased from 
0.80 s-1 to 0.59 s-1 as the depth increased from 1cm to 3cm. This corresponds to the 
previous transmittance measurement results that the absorbance of NIR photons 
increased as the thickness increased. As a result the heat generated by the 
nanoparticles decreased, leading to the increase of the cell viability. The significant 
viability loss was found at all depths comparing with the control group with 
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p<0.0001, which indicates the 785nm laser increased the toxicity of PS coated Fe3O4 
nanoparticles on MDA-MB-231 cancer cells. Comparing the 2cm and 3cm depths 
with the 1cm depth a significant reduction in viability was observed with p<0.0001. 
The reason is probably due to the significant loss of the transmittance, which is 
corresponding to the transmittance curve that from 1cm to 2cm, the loss of 
transmittance decreased from 87% to 64%, however when the thickness increased 
from 2cm to 3cm, the transmittance decreased from 64% to 48%. Below the 
thickness of 1 cm the PS Fe3O4 nanoparticles were able to generate sufficient heat 
for significant viability reduction and while significant losses were observed for 1-3 
cm depths, a longer treatment time or higher laser power may be required for 
in-vivo translation. For clinical therapy, a critical depth may shift to a lower thickness 
because other biological species participate in absorbing NIR photons.  
   In summary, stability, innate toxicity and the photothermal effect of PS coated 
Fe3O4 nanoparticles were examined and the results proved the applicability of PS 
coated Fe3O4 nanoparticles for hyperthermic ablation of MDA-MB-231 cells. The NIR 
absorbance of agar gel layers was also examined and was shown to significantly 
affect the photothermal effect from 1-3 cm.  
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Future Study 
   Agar gel layer is just a simple model to mimic the human tissue. As the 
composition of human tissue is much more complex, a sophisticated model could be 
established for future study, for example using blood mixture with agarose in order 
to examine the effect of blood on the hyperthermia ablation of cancer cells.  
Since the stability and innate toxicity are two important factors to evaluate 
whether the nanoparticles are suitable for photothermal therapy, by using surface 
functionalization techniques the innate toxicity of Fe3O4 nanoparticles can be 
reduced in conjunction with increasing the stability. Another interesting topic is to 
change the surface charge of the nanoparticles, since the surface charge of cancer 
cells are negative, the positive charged Fe3O4 nanoparticles may increase the 
specificity of the photothermal therapy by increasing local concentration. Due to the 
attractive force between the positive and the negative charges, the nanoparticles 
could be easily targeted to the tumor tissues, which will lead to the reduction of side 
effects. 
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Appendix 
A) Calculation of the cell concentration and the volume for dilution 
After the tissue samples split, a 10μl aliquot of tissue samples and complete-DMEM was 
transferred to a hemocytometer. By counting the number of cells in an area of 1mm2, the 
number of cells per unit area was determined. Then the average number for two unit area 
was used to calculate the initial cell concentration. Another 10μl aliquot would be used to 
replace the previous one to perform the counting procedure again if the difference between 
the two unit area was greater than 20 cells/unit are. Therefore, the initial cell concentration 
is 
                              
c e lNc
V
 
                    (8) 
In eqn.8, Ncells is the average number of cells of two unit area, V is the volume as 10-4ml 
The cell concentration is 3,000 cells/well for 96 well plate since it could make sure the 
growth of the cell during the experiment period. Since the volume of complete-DMEM 
solution is 100μl for each well, the concentration for the initial complete-DMEM solution 
should be 30,000 cells/ml and the total volume of complete-DMEM was at least 9.6ml for 
the experiment. Therefore the volume of fresh complete-DMEM media and the solution 
could be determined by  
                      
1 1 2
1 2
required
c V c Vc
V V
u  u                 (9) 
                          1 2requiredV V V                    (10) 
In eqn.9 and eqn.10, Crequired is the required concentration, c1 is the cell concentration 
for fresh complete-DMEM media, c2 is the cell concentration for complete-DMEM solution, 
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V1 is the volume of complete-DMEM media, V2 is the volume of complete-DMEM solution 
B) Calculation of overall standard deviation (σ) and hydrodynamic size 
(d) 
 
              For each individual trial, standard deviation σi=PDI^2*di 
              For each individual trial, the number of measurement is i. 
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In eqn. 11 and eqn.12, q is the difference between the overall hydrodynamic 
size and hydrodynamic size for each trial, N is the number of measurements for each trial 
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(C) TEM image of PS coated Fe3O4 nanoparticle 
 
 
 
 
 
 
 
 
Fig.21 TEM images of PS coated magnetite nanoparticles, taken at the Stanford 
University by Dr. Jiaming Zhang 
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(D) IR image for hyperthermia experiment 
 
 
 
 
 
 
 
Fig.22 IR image for hyperthermia experiment, as the concentration of PS coated 
Fe3O4 nanoparticles is 0.3mg/ml,13.1 kW/m2 
(E) Absorption coefficient for PS coated Fe3O4 and uncoated 
Fe3O4 nanoparticles 
 
 
Fig.23 Absorption coefficients for PS coated and uncoated Fe3O4 nanoparticles. 
Reproduced with the permission of Md Ehsan Sadat of the Department of Physics.  
